Abstract
INTRODUCTION
Plants control the timing of leaf emergence and leaf longevity to maximize annual photosynthetic product in response to the length of favourable light conditions in a season and also to minimize the damage caused by frost, drying and herbivores (Seiwa 1999) . In temperate habitats, leaf emergence can follow two different patterns: a flush of leaves early in the growing season (the 'simultaneous type') or a succession of leaves throughout the growing season (the 'successive type') (Kikuzawa 1983 (Kikuzawa , 2003 . Iwasa and Cohen (1989) proposed that emergence patterns of mature plants are a function of environmental variation using an optimal growth schedule model. The model predicted that low and high environmental variation favour simultaneous and successive types, respectively. Kikuzawa (2003) concluded that successive leafing is suitable for open habitats, while simultaneous leafing is suitable for light-limited habitats such as the forest understorey. Leaf emergence also shows within-species variation in response to temperature both in ferns (e.g. Odland 1995) and in seed plants (e.g. Davi et al. 2011) . Specifically, earlier leaf expansion dates are related to higher temperatures in the preceding months (Menzel et al. 2006) . For example, Ishioka et al. (2013) found that the understorey fern Dryopteris crassirhizoma leafed out 1 week earlier in response to a temperature increase of 5°C in a soil-warming experiment.
Leaf habits are mainly classified on the basis of leaf longevity (e.g. Tessier 2004 ). The leaf habit of many plants of temperate forests falls into one of the three basic categories: summergreen, wintergreen or evergreen (Chabot and Hicks 1982) . Summergreen plants retain leaves for <1 year. Wintergreen individuals maintain a cohort of leaves for one full year and replace them with a new cohort in spring. Evergreen species typically keep leaves for >1 year. Research on a broad range of seed plants has revealed strong relationships between leaf longevity and other functional traits, which can be the result of convergent evolution (Ackerly and Reich 1999) . A long lifespan in a species is linked to low photosynthetic and respiration rates (Reich et al. 1997) , low nitrogen and phosphorous concentrations (Reich et al. 1991) , high carbon concentrations (Ackerly 1996) and high leaf mass per area (LMA, Reich et al. 1991 Reich et al. , 1997 . Two broad comparative studies of foliar traits in ferns (Karst and Lechowicz 2007; Tosens et al. 2016) , mainly based on species from the temperate forest understorey, found patterns consistent with those reported for seed plants. However, ferns showed slightly lower photosynthetic rates and nitrogen concentrations and, especially, lower LMA (Karst and Lechowicz 2007; Tosens et al. 2016) .
Ferns are unique among vascular plants in that their leaves carry the dispersal units. Spores are formed in sporangia clusters (sori) directly on the leaf surface. Thus, spore maturation and dispersal must wait for leafing, and there is some interdependence between these life-history stages (Arosa et al. 2009 ). Higher temperatures advance not only the timing of leaf expansion but also spore maturation and dispersal (Landi et al. 2014) . Spore phenology traits are also determined by long-term causes. After dispersal, mediated by wind, spores develop into free-living gametophytes that need water so that the sperm can reach the egg for fertilization. Gametophytes may have different habitat requirements from those of sporophytes (Watkins et al. 2007) . Consequently, selective pressures may concentrate spore release in a period when temperature and/or humidity are favourable for spore dispersal and gametophyte development and fertilization. Furthermore, leaves and spores are consumed by insects and other animals in the forest understorey (Mehltreter 2010; Rodríguez and Obeso 2000; Wood 2000) , which may exert selective pressures on the timing of leaf expansion (Mehltreter and García-Franco 2008) and spore maturation (Sawamura et al. 2009 ). The fern understorey is not only a food resource but also the habitat for other species (Roberts et al. 2005 ) and a filter that controls forest regeneration (George and Bazzaz 1999; Song et al. 2012 ). Although we have some knowledge on the role of ferns in forests, the phenology of fern sporing is one of the most neglected issues in plant reproductive ecology (Sawamura et al. 2009) .
In this study, we compared the leafing and sporing phenologies of two understorey ferns with overwintering leaves: Culcita macrocarpa C. Presl and Woodwardia radicans (L.) Sm., which belong to distantly related families (Culcitaceae and Blechnaceae, respectively). These species co-occur in a warm temperate range that extends discontinuously through Macaronesia (Azores, Madeira and Canary islands) and the Atlantic coast of the Iberian Peninsula. Due to the fragmentation of their distributions and the fragility of their forest habitat, both ferns are considered globally threatened (Quintanilla et al. 2007) . Woodwardia radicans and C. macrocarpa share the same life form, with large surface-creeping shoots and leaves over 2 and 3 m long, respectively, which makes them the largest ferns in Europe. The specific questions we addressed were: (i) does leaf emergence follow a simultaneous or successive pattern? (ii) is leaf habit true evergreen or wintergreen? and (iii) what is the timing of spore release? As both ferns show several convergent characteristics (distribution range, habitat and life form), we expected to find similar phenology patterns. We also analysed the relationship between the timing of leaf emergence and spore dispersal and the effect of between-year climatic variation.
MATERIALS AND METHODS

Plant species and study populations
Culcita macrocarpa has triangular leaves, 4-5-pinnate. Sori are reniform and marginal (see online supplementary Fig. S1 ). The leaves of W. radicans are ovate-lanceolate and 2-pinnate. Sori are oblong and arranged in two parallel rows close to the central vein. Both species have indusia that completely enclose the sori from the end of leaf expansion to spore release. The leaves of both ferns are arranged in lax crowns at the apex of shoots that grow horizontally along the surface of the substrate; the C. macrocarpa shoot (>1 m) is longer than that of W. radicans (<0.1 m). Culcita macrocarpa and W. radicans reproduce vegetatively by stem fragmentation and budding near the leaf apex, respectively. Hereafter, we will use the term 'individual' to refer to the ramet, i.e. each shoot apex with its corresponding leaves and roots (Pan and Price 2002) .
We studied three populations per species in A Coruña Province, northwestern Spain (Table 1) . These populations were selected because of their large size and good conservation status. They are located in riverine mature forest in narrow north-oriented valleys close to the coast. In the tree canopy, summergreen species (Corylus avellana L., Betula alba L., Fraxinus excelsior L., etc.) are more abundant than evergreen species (Laurus nobilis L., Ilex aquifolium L. and Arbutus unedo L.). For more information on the vegetation, see Amigo and Norman (1995) . The climate is markedly oceanic, with narrow annual and daily temperature ranges, almost frost-free winters (see fig. 1A in Quintanilla and Escudero 2006) , high air humidity and a high annual rainfall (~1500 mm; Martínez et al. 1999) . Soils have low levels of mineral nutrients and high levels of organic matter (Macías and Calvo 1992) .
Phenology variables
In each population, we tagged 17 mature individuals, i.e. having at least one fertile leaf, with plastic tape. Individuals were monitored every 10 days throughout two leafing seasons (January-September in 1999 and 2000) . Monitoring frequency and period were based on our previous field observations. As each new leaf started expanding (i.e. crozier uncoiling), the date was noted, and the leaf was tagged. When the leaf finished expanding (i.e. all pinnae were fully expanded), the date was also noted. 'Leaf expansion time' was the number of days between these two dates. On the basis of these leaf variables, we calculated the following individual-level variables: 'number of new leaves' per leafing season, 'leafing start date' and 'leafing end date'. To determine whether species are wintergreen or evergreen, at the end of the 1999 leafing season (September), we counted the number of leaves from previous cohorts that were still alive. We calculated 'leaf longevity' for each individual by dividing the 'total number of leaves' (new and previous cohorts pooled) by the 'number of new leaves', as proposed by Seiler (1981) . We also estimated the withered area of leaves from previous cohorts according to three categories: 0%, 1-50% or >50% of lamina area has lost its characteristic green colour.
We calculated overlap in leafing at the between-individual and within-individual levels using Augspurger's (1983) formula. The overlap between the leafing period of a given individual i with the leafing periods of other individuals in the population ('between-individual synchrony') is:
where e i is the number of days both individuals i and j (i ≠ j) are leafing simultaneously, f i is the number of days the individual i is leafing and n is the number of individuals in the population considered. Between-individual synchrony can have values between 0 (no overlap in leafing with other individuals) and 1 (perfect synchrony in the onset and duration of leafing). We used the same formula to calculate the synchrony between the expansion period of each leaf and the expansion periods of all other leaves of the same individual. The mean of the synchronies of all leaves of an individual provided its 'within-individual synchrony'. At the end of both 1999 and 2000 leafing seasons (September), we noted whether leaves bore sori to calculate 'fertile leaf percentage'. To study spore release phenology, we tagged one pinnule in C. macrocarpa or two pinnules in W. radicans within a basal fertile pinna of each leaf. We monitored leaves every 10 days throughout the corresponding spore release seasons (2000 and 2001, January-May, see Results). At each monitoring visit, we counted the number of sori that had released spores. In both species, this moment can be easily determined because the indusium opens (supplementary Fig. S1 ). 'Spore release date' was the day on which more than half of sori on tagged pinnules had released spores.
Leaf mass per area
We collected leaf samples of 10 mature individuals of each species in populations C3 and W5, which are intermingled (Table 1) . We used fully expanded young-to medium-aged leaves, which correspond to the period when leaf traits are relatively stable (Reich et al. 1991) . Following this criterion, The population acronyms are maintained from previous studies (Quintanilla et al. 2007 , and references therein).
in March 2015, we collected samples from leaves expanded in the previous year. To avoid the confounding effects of sporangia, we selected a sterile pinna of each individual. Pinnae were scanned and their area was measured with the program ImageJ (Abramoff et al. 2004) . Pinnae were then dried at 70°C for 3 days and weighed to determine LMA (the ratio of leaf dry weight to leaf area, in g m −2
).
Statistical analyses
To test whether phenology variables differed between species, populations and years, we fitted generalized linear models to the data using SAS procedure GENMOD (SAS Institute 2002). We used these models because variables departed from a normal distribution. A Poisson distribution with log-link function was used for leafing start and end dates, number of new leaves, leaf expansion time and spore release date. A binomial distribution with logit link was set for between-individual and within-individual synchronies and fertile leaf percentage. We compared the frequencies of the three withered area categories between species using a χ 2 test. To determine whether individual plants showed between-year consistency in their leaf phenology, we calculated Spearman rank correlations of leafing variables for individuals between years (1999 and 2000). The variables considered in these analyses were number of new leaves, leafing start date and leafing end date. Spearman correlations were also used to examine the relationships between leaf variables: expansion start date, expansion end date and spore release date. A one-way analysis of variance was carried out to assess differences in LMA between species. These analyses were performed with SPSS (SPSS Inc. 2003) . Data are shown as mean ± standard error.
Climatic variables
To test whether dates of leafing start, leafing end and spore release respond to differences in temperature between the study years, we used the CRU gridded dataset (Harris et al. 2014) . Specifically, we selected the half-degree cell centred at 43°25′N and 8°25′W, which contains all of the study populations except C2. We calculated the average of three mean monthly temperatures for each phenology date (the month of mean onset and the two preceding months, as per Menzel et al. 2006) . We also studied the effect of air humidity on spore release with a HOBO Pro v2 logger (Onset Computer Corporation, Pocasset, MA) placed 1.5 m above the ground under the tree canopy at population W1. Relative humidity measures were recorded hourly throughout the two spore release years.
RESULTS
Leaf emergence
Culcita macrocarpa and W. radicans showed very similar leafing patterns, with most individuals starting leaf expansion in midwinter and ending in early summer (Figs 1 and 2 ). Leafing start date differed significantly among populations and years (Table 2 , Fig. 3a) . Start date of both species was delayed in 2000 by an average of only 6 days compared with 1999. This variation was not related to mean temperature in the preceding months (December-February), which was almost the same in both years (9.3 and 9.4°C in 1999 and 2000, respectively) . Leafing end date showed significant Species × Year interaction (Table 2) : C. macrocarpa individuals finished leafing earlier in 1999, whereas W. radicans individuals finished earlier in 2000 (Fig. 3b) . Mean temperature in the months preceding leafing end (May-July) was identical in both years (17.2°C). Leaf expansion time was significantly different between species, populations and years (Table 2 ). This time was longer in C. macrocarpa (135 ± 3 days, n = 134 leaves) than in W. radicans (108 ± 2 days, n = 220 leaves) and longer in both species in 1999 than in 2000 in all populations except C2 (Fig. 3d) . This population showed the longest expansion time. Between-individual and within-individual synchronies also differed significantly between species and populations ( Table 2) . Between-individual synchrony was slightly higher in C. macrocarpa (0.89 ± 0.01, n = 98 individuals) than in W. radicans (0.86 ± 0.01, n = 99 individuals) and among-population variation was low in both species (Fig. 3e) . Withinindividual synchrony was much higher in C. macrocarpa (0.90 ± 0.01, n = 32 individuals producing > 1 leaf) than in W. radicans (0.65 ± 0.03, n = 82), as some W. radicans individuals produced an additional asynchronous leaf in summer, especially in population W5 (Figs 2c and d and 3f ).
Leaf habit
Number of new leaves per individual differed significantly between species, populations and years (Table 2 ). Most C. macrocarpa individuals produced only 1 (65% individuals) or 2 leaves (27%) per year (range = 0-3 leaves), whereas W. radicans individuals generally produced 2 (45% individuals) or 3 leaves (32%) (range = 0-4 leaves). Leaf production was higher in 1999 than in 2000 in all populations except W1 (Fig 3c) . In C. macrocarpa, the number of leaves produced per year was markedly lower than the number of leaves remaining from previous cohorts (1.5 ± 0.1 new vs. 2.7 ± 0.2 old leaves individual −1 , Table 3 ). By contrast, new leaves outnumbered those remaining from previous cohorts in W. radicans (2.2 ± 0.1 new vs. 1.2 ± 0.1 old). Leaf longevity, estimated by the quotient (No. new leaves + No. old leaves)/No. new leaves, was much higher in C. macrocarpa (37 ± 2 months) than in W. radicans (19 ± 1 months). Frequencies of withered area categories were also significantly different between species (χ 2 = 13.724, 2 df, P = 0.001). In C. macrocarpa, most leaves from previous cohorts were fully green or had a small withered area, while most old leaves of W. radicans had a large withered area (Table 3) .
Fertility and spore release
Fertile leaf percentage was only significantly affected by population (Table 2) . Most populations of both species showed ~90% fertile leaves (Fig. 3g) , except C3 (87 ± 5%, n = 53 leaves, both year cohorts pooled) and W5 (71 ± 5%, n = 87). In both species, spore release occurred near spring equinox of the year following that of leaf production (Figs 1 and 3h) . Thus, the time between end of leaf expansion (early summer, see Leaf emergence section of Results), and sporangia dehiscence was ~8 months. Spore release was highly synchronous among leaves within populations, as shown by the small standard errors in Fig. 3h . Spore release date showed small, although significant, differences between species, populations and years (Table 2) . In both species, spore release occurred an average of 6 days earlier in 2000 than in 2001. This advance was not related to higher temperatures in the preceding months (January-March), as they averaged 9.4 and 10.5°C in 2000 and 2001, respectively. However, air humidity in March, when most spores were released, was lower in 2000 than in 2001 (Fig. 4) due to a long period of sunny days.
Correlations
The individuals of both species showed significant positive correlation between years in both leafing start date and leafing end date (Table 4a ). In W. radicans, the number of new leaves per individual was also significantly correlated between years. At the leaf level, both species had a significant relationship between expansion start and expansion end dates, negative in C. macrocarpa and positive in W. radicans (Table 4b) . A significant positive correlation between expansion end and spore release dates was obtained in C. macrocarpa.
Leaf mass per area
LMA differed significantly between species (F 1,22 = 45.394, P < 0.001). This variable was higher in C. macrocarpa (74.3 ± 2.4 g m −2 ) than in W. radicans (55.3 ± 1.5 g m −2 ).
DISCUSSION
Leaf emergence
Our results show that leaf emergence follows a simultaneous pattern in both C. macrocarpa and W. radicans, starting in midwinter and ending in early summer. Both ferns, especially C. macrocarpa, had high between-individual and within-individual leafing synchronies. As these two species live under the forest canopy in steep north-oriented valleys, the obtained results are consistent with empirical (Kikuzawa 1984 (Kikuzawa , 2003 and theoretical (Umeki et al. 2010 ) studies indicating that simultaneous leafing is adaptive in shaded environments. As a consequence of their understorey habitat and the oceanic climate, the study populations are exposed to low environmental variation. Thus, our findings also support the hypothesis that simultaneous leafing is favoured in stable habitats (Iwasa and Cohen 1989) . This hypothesis was also used to explain the results obtained in temperate ferns Deparia acrostichoides and Diplazium pycnocarpon (Hamilton 1990) . Although simultaneous leafing typically occurs within a short period at the beginning of the growing season (Kikuzawa 2003) , leaf expansion time in the studied species was very long (around 4 months). They have exceptionally large leaves that require an extended period to unfold. For example, in a similar habitat, Landi et al. (2014) found that the much smaller leaves of Dryopteris affinis subsp. affinis (0.8 m long) expanded within 2 months. This morphological constraint also explains the longer leaf expansion period observed in C. macrocarpa, whose leaves are bigger than those of W. radicans. In fact, population C2 of C. macrocarpa, which has the biggest leaves (L.G. Quintanilla, unpublished data), had the longest leaf expansion time (Fig. 3d ). Both C. macrocarpa and W. radicans show the general negative relationship between leaf size and number found in woody plants (Yang et al. 2008) , as they produced very few leaves (1-2 and 2-3 leaves per individual, respectively). Few large leaves are more easily organized into a single foliage layer with minimum gaps between adjacent leaves, maximizing light interception and photosynthetic carbon gain in shaded environments (Horn 1971; Niinemets and Kull 1999) . Simultaneous leaf production requires adaptations in leaf shape, leaf and shoot angles, and phyllotaxis to avoid self-shading among leaves (Kikuzawa et al. 1996; Umeki et al. 2010; Valladares and Pearcy 1998) . As the study species have spiral phyllotaxis and short internodes, the leaves are arranged in crowns, scarcely overlapping. This leaf arrangement is very common in ferns from the temperate forest understorey (e.g. Page 1997), suggesting that it improves photosynthetic efficiency in light-limiting habitats. In both study species, the dates of leafing start and end were very similar between years. Temperature variation between years was also negligible, as a consequence of the oceanic climate, and thus we could not adequately assess the effect of temperature on leaf emergence. We did find that individuals that started or finished leafing earlier in a year also did so in the following year, suggesting a genetic component in leaf phenology. These correlations also indicate that the ranking of microsites in terms of abiotic factors relative to other microsites is the same from year to year and thus the individuals occupying these sites show similar relative phenologies between years (Cody and Prigge 2003) . It should be noted that all phenology variables showed significant differences between populations ( Table 2 ). Given that our study is observational, we cannot unequivocally establish cause-effect relationships. However, the low genetic differentiation among these populations (Quintanilla et al. 2007) indicates that environmental factors are more determinant. A manipulative study of three understorey fern species found that interspecific Tests were performed using generalized linear models (see Materials and methods for further details). Significant effects (P < 0.05) are indicated in bold. df = degrees of freedom. a For within-individual synchrony, the Population × Year interaction had only 3 df as one of the Population × Year combinations could not be calculated (see legend of Fig. 3 ).
competition, which can differ between populations, reduces leaf production per individual (Rünk et al. 2004) .
Leaf habit
Culcita macrocarpa and W. radicans maintain leaves for >1 year (37 and 19 months, respectively), and thus are evergreen. In addition, both species show slow growth as a consequence of poor light and nutrient availability. For example, the shoots of C. macrocarpa grow only 1 cm year −1 (Rezende-Pinto 1943) .
Low resource availability favours long leaf lifespan (Aerts and Chapin 2000; Kikuzawa 1989; Reich et al. 1992) . Other slowgrowing ferns in similar habitats, such as Hymenophyllum wilsonii (Richards and Evans 1972) and Trichomanes speciosum (Rumsey et al. 2005) , have an extremely long leaf lifespan (>4 years). Our results are also consistent with the observation that simultaneous leafing is more common in species with a longer leaf lifespan, when comparing plants with similar life forms (Hikosaka 2005) . Culcita macrocarpa, whose leaves live longer than those of W. radicans, also had higher leafing synchrony (see Leaf emergence section of Discussion). Long-lasting leaves must be resistant to physical stress and herbivores, properties that have been related to high LMA (Coley and Barone 1996) , as leaves of thick or dense fabric are better protected against such damage. Thus, selection for long lifespan in shade habitats should favour high LMA (Lusk et al. 2008) . As expected, the longer lasting leaves of C. macrocarpa had a higher LMA than those of W. radicans. This relationship between longer leaf lifespan and higher LMA has also been found in other fern species (Durand and Goldstein 2001; Mehltreter and Sharpe 2013) . In the temperate forest understorey, evergreen ferns have a higher LMA than summergreen ferns (Karst and Lechowicz 2007) . The LMAs of the study ferns are within the range for other evergreen ferns of the temperate forest understorey (Karst and Lechowicz 2007; Tosens et al. 2016) . In this habitat, increased leaf lifespan may be a strategy to take advantage of the higher irradiance in the winter to spring period, when the canopy trees are leafless (Karst and Lechowicz 2007; Muller et al. 2011) . Although the study forests in the northwestern Iberian Peninsula are mainly composed of summergreen trees, the study ferns are most abundant in the evergreen laurel forest of Macaronesia. Thus, variation in light conditions with the expansion and shedding of overstorey leaves does not satisfactorily explain the leaf habit of C. macrocarpa and W. radicans. Winter temperatures throughout their distribution range are mild and must permit substantial winter photosynthesis. For example, other lowland temperate plants maintain 50% of their photosynthetic capacity at 8°C (Körner and Diemer 1987) . Temperatures are well above this value on most winter days both in the Iberian (Quintanilla and Escudero 2006) and in the Macaronesian populations (Arosa et al. 2009 ). The resulting long photosynthetic season favours evergreenness (Givnish 2002) . Interestingly, other understorey large ferns with similar Iberian-Macaronesian distribution, such as Diplazium caudatum and Pteris incompleta, are also evergreen (Jermy 1987) , a leaf habit infrequent in temperate ferns (Mehltreter and Sharpe 2013) .
Fertility and spore release
Timing of spore maturation and release was also similar between the study ferns. Their leaves already show immature sporangia at the end of expansion in early summer (LG Quintanilla and B Pías, personal observation). Although spores reach maturity in autumn, they are not dispersed until late winter, and individuals with earlier maturation show earlier release (Arosa et al. 2009 ). We also found that spore release in C. macrocarpa is advanced in individuals which end leaf expansion earlier. All these results indicate that leaf emergence determines the timing of spore maturation, which in turn determines the timing of dispersal. The end of leaf expansion sets the start of spore production and as both spore mother cells and spores lack chloroplasts, spore formation is then largely controlled by the production of photosynthates in other leaf tissues (Arosa et al. 2009 ). Once spores are mature, the opening of both indusia and sporangia is caused by evaporative forcing (e.g. Poppinga et al. 2015) , favouring long-distance wind dispersal of spores on warm dry days (Muñoz et al. 2004) . The long period between spore maturation and release may be merely due to the absence of dry weather conditions during most autumn and winter days (Fig. 4) . A dry period in winter 2000 caused earlier spore release compared with 2001 in both species. Consistent with this idea, the same species delay dispersal at higher altitude in the Azores due to higher humidity (Arosa et al. 2009 ). Finally, the high percentage of fertile leaves found in both species can be explained by our initial selection of individuals with sporangia.
CONCLUSION
Our most striking result was the similarity of leaf traits between the two study species, which belong to distantly related families. They both produce few large leaves, which expand simultaneously within a very long period, have relatively high LMAs and last for >1 year. Such traits have also been found in seed plants from the forest understorey, as seen above, and are thought to represent adaptations to this shaded environment. Relationships among leaf traits in distantly related taxa reflect patterns of evolutionary convergence (Ackerly and Reich 1999) . Both study ferns also share spore phenology traits, as their spores are simultaneously released in late winter, 8 months after the end of leaf expansion. As winter spore dispersal is uncommon in understorey ferns of the temperate forest (e.g. Page 1997 , Sawamura et al. 2009 ), this unusual result indicates that convergence in the timing of leaf emergence favours convergence in the timing of spore dispersal.
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